Urban heat island Outdoor thermal comfort Physiologically equivalent temperature (PET) Intra-urban variability Land use fractions Urban geometry a b s t r a c t This paper reports on temporal and spatial variability of local climate and outdoor human thermal comfort within the Rotterdam agglomeration. We analyse three years of meteorological observations (2010e2012) from a monitoring network. Focus is on the atmospheric urban heat island (UHI); the difference in air temperature between urban areas and rural surroundings. In addition, we calculate the Physiologically Equivalent Temperature (PET) which is a measure of thermal comfort. Subsequently, we determine the dependency of intra-urban variability in local climate and PET on urban land-use and geometric characteristics. During a large part of the year, UHI-intensities in densely built areas can be considerable, under calm and clear (cloudless) weather conditions. The highest maximum UHI-values are found in summer, with 95-percentile values ranging from 4.3 K to more than 8 K, depending on the location. In winter, UHIintensities are generally lower. Intra-urban variability in maximum UHI-intensity is considerable, indicating that local features have an important influence. It is found to be significantly related to building, impervious and green surface fractions, respectively, as well as to mean building height.
Introduction
In the coming decades, sustainable urban planning faces two major challenges: first, the impact of climate change and the necessity for adaptation measures to mitigate the consequences, and second, that of urbanization and the necessity of balancing the various conflicting spatial demands. Climate change projections suggest that European summer heat waves will become more frequent and severe during this century, consistent with the observed trend of the past decades [1] . This will also be true for northwest Europe, including the Netherlands [2] . While urban areas will generally be exposed to the same change in regional climate as the surrounding area, the urban setting can exacerbate the impact of this exposure on a local scale. In addition, urbanization will continue in the next decades. Future projections for the Netherlands show a large expansion of the urban landscape, particularly in the western and central parts, of up to 20% in the next decades [3, 4] . Both developments may significantly influence future urban climate conditions, thermal comfort of citizens and liveability of urban areas. Recent results indicate that outdoor thermal comfort and heat stress will likely become a critical issue in many urban areas in the Netherlands [5] .
The presence of many buildings and artificial surfaces at the expense of open ground, open water and vegetation creates unique local climates altering temperature, moisture, wind patterns, and radiation. Consequently, local climate may vary considerably within cities. To ensure an effective and coherent development of adaptation strategies aimed at improvement of the urban thermal environment, a better understanding of the spatial and temporal variability in local climate (intra-urban variability), and the influence of urban features thereon is needed.
To date, relatively few long-term observational data on the spatial variability of local climate within cities are available [6] . The climatological description of a city is often based on one or a few fixed meteorological stations, usually located in the city centre, or at the airport, and therefore not representative of the whole city. Information about the spatial variability in local climate usually applies to a limited period of time (for example based on observations obtained in dedicated measuring campaigns).
A distinct feature of urban climate is the urban heat island (UHI). A distinction can be made between surface UHI, the difference in surface temperatures between the urban and rural area, and the atmospheric urban heat island, the corresponding differences in air temperature. Furthermore, two types of atmospheric UHI can be distinguished, that of the Urban Boundary Layer (UBL) and that of the Urban Canopy Layer (UCL) [6] .
For outdoor thermal comfort the UCL-UHI is the most important one since people live in the urban canopy layer. Therefore, the UCL-UHI is the most commonly observed of the two atmospheric types and often the one referred to in discussions of urban heat islands. In contrast to the surface UHI, the atmospheric UHI is mainly a nocturnal phenomenon; it often weak during the late morning and throughout the day and becomes more pronounced after sunset due to the slow release of heat from urban infrastructure. So, maximum UHI intensities (UHI max ) are usually reached after sunset as a result of slower cooling down of the urban areas as compared to the rural surroundings [7] .
Outdoor thermal comfort is often implicitly linked with the UHI phenomenon [6] . However, human thermal comfort not only depends on air temperature but on the combined effect of air temperature, wind speed, air humidity and radiation [8] . Recent results of Ketterer and Matzarakis [9] indicate that air temperature alone is not an appropriate measure to quantify the intra-urban spatial variability of climate with respect to human thermal comfort.
The impact of land cover buildings, impervious and green surfaces, on local air temperatures has been well documented (see Ref.
[10] for a literature review). An increase of the built-up area at the expense of natural surfaces like vegetation, open ground or water causes a change in the surface energy balance resulting into higher surface and air temperatures. Conversely, heating of urban areas may be lowered by increasing the vegetation area [11e15] . Urban geometry relating to the height and spacing of buildings is considered to be another important feature determining local climate because of its effect on radiation and air flow. Important parameters are the surface albedo, mean building height, ratio between mean building height and mean street width (height-towidth ratio or aspect ratio), and the sky view factor (SVF) [16e18] .
In many studies, the influence of one or a few of the aforementioned urban landscape parameters has been examined. However, only a limited number of studies have applied a more integrative assessment, taking all urban landscape parameters into account [11,15,19e21] . Consequently, the relative importance of the urban landscape parameters in affecting local climate is unclear.
This paper reports on the urban climate within the Rotterdam agglomeration, the second largest city in The Netherlands. Results from earlier meteorological observations indicate the existence of a considerable UHI in densely built areas with values reaching up to 8 K or more [22, 23] . The municipality of Rotterdam wishes to anticipate on current and future challenges for human thermal comfort by mainstreaming adaptation measures in the reconstruction of older neighbourhoods and development of new urban areas. In this context, a monitoring network has been established in 2009 [24] . It currently consists of 14 fixed Automatic Weather Stations (AWS).
In our study, we analyse three years of meteorological observations (2010e2012). All meteorological variables relevant for thermal comfort (that is, air and globe temperature, humidity, wind speed, radiation) are monitored by the monitoring network. As such also an indication about the intra-urban variability in human thermal comfort can be obtained. We focus on the conditions in the UCL. For this layer, we evaluate the UHI and calculate the Physiologically Equivalent Temperature (PET). The latter is a sophisticated measure of thermal comfort based on the energy balance of the human body [8] .
The study has been carried out in the framework of Climate Proof Cities (CPC) [25] . The main objectives are: 1) to assess the temporal and spatial variability of local climate and human thermal comfort, and 2) to quantify the dependency of this intra-urban variability on the various urban features.
The main research questions are: 1) how large is the intra-urban variability in local climate and that of outdoor thermal comfort, and to what extent are these two linked, 2) to what extent is this variability determined by local features, and 3) what is the relative importance of the urban landscape parameters in explaining local climate and thermal comfort?
The results of the study give important insight into the potential effectiveness of adaptation measures in city design aimed at mitigating the impact of climate change on the UHI and outdoor thermal comfort in urban areas in the Netherlands.
The paper is organised as follows. After a description of the material and methods (Section 2), we first discuss the intra-urban variability in local climate with a focus on UHI (Section 3.1). Next the intra-urban variability in outdoor thermal comfort for the summer months (June, July and August) is discussed (Section 3.2).
We examine to what extent UHI and thermal comfort are connected. In Section 3.3, we discuss the dependence of intra-urban variability in UHI and that in thermal comfort on the various urban landscape parameters. This is done for the summer results; results obtained for the other seasons are presented in the Supplementary Material. Section 4 discusses remaining issues and areas for further research and Section 5 concludes the paper. Impressions of the areas surrounding the monitoring stations in the Rotterdam agglomeration are given in the Supplementary Material.
Material and methods

Study area
The Rotterdam agglomeration is located at the North Sea, at the mouth of the rivers Meuse and Rhine, in the Southwest of the Netherlands. The agglomeration is the industrial heart of the Netherlands and is home to one of the World's largest ports. It covers approximately 782,43 km 2 of land surface and has 1,175,477
inhabitants [26] . The city of Rotterdam itself has more than 600,000 inhabitants (2011 UN data) and covers 319 km 2 . The municipality consists of 22 districts, which are again subdivided into 88 neighbourhoods. Most of the area lies several meters below sea level, and is situated on a sandy plain. The area, like the rest of the Netherlands, experiences a rather mild maritime climate with average minimum and maximum temperatures during winter of about 1 C and 6 C respectively, and average minimum and maximum temperatures during summer of about 12 C and 22 C respectively [27] .
Monitoring network and data collection
The monitoring network became operational in August 2009 with 4 automatic weather stations (AWS) and was extended to a total of 14 AWS in 2010 (operational in June 2010). Thirteen of the AWS are located in the urban area, covering a range of Urban Climate Zones (UCZ) [28] (Fig. 1) . The monitoring results of these stations are compared with those of a reference AWS located in the rural area, north of Rotterdam.
The stations are standard Campbell Scientific weather stations equipped with a 4-component radiation sensor (Hukseflux NR01), shielded thermometer-hygrometer with radiation screen (model CS215L and model MET20, Campell Scientific, USA), radiation error of up to 0.75 K at wind speeds <1 m s
À1
, with temperature accuracy of 0.4 K and relative humidity accuracy of 2% (range: 10e90% and 4% outside this range), a 0.15 m diameter black-bulb thermometer (Sensor Data, The Netherlands), and an ultrasonic 2D anemometer (Gill Windsonic, Gill Instruments, UK, accuracy 0.5 m s À1 ). The AWS has a 2 m mast with a measuring height of 1.5 for temperature, humidity, black globe temperature and radiation, and a height of 2 m for wind speed and direction. Table 1 lists the location characteristics of the monitoring stations. For an impression of the area surrounding each monitoring station the reader is referred to the Supplementary Material. The station Bolnes is located in an urban garden, the stations Hoogvliet and South in street canyons, the station Ridderkerk in an urban park, and the station Vlaardingen in a park setting, at a distance of about 36 m from a neighbourhood in the south. The stations Bernisse, Capelle, Lansingerland and Ommoord are situated on similar flat bitumen roofs in neighbourhoods (measuring height 5e6 m), the station Spaansepolder is situated on a flat bitumen roof in a business area (measuring height~6 m), the station Centre on an overhanging bitumen roof in a street canyon (measuring height~6 m), and the station Rijnhaven is situated on a pier in the harbour (measuring height~4 m), at distance of about 60 m to the nearest building.
In addition, we utilize data obtained from the WMO station (WMO code 06344), operated by the Royal Netherlands Meteorological Institute (KNMI). It is located nearby the Rotterdam-The Hague airport, at a distance of about 700 m from the nearest buildings, on a clay ground at 4.8 m below sea level. The datasets from this station contain information on air temperature (0.1 m and 1.5 m) (accuracy 0.2 K), dew point temperature (accuracy 0.2 K), sunshine, global radiation, precipitation, cloud cover, visibility, barometric pressure, wind speed and direction. For technical specifications, the reader is referred to [27] .
The data provided by the AWS are stored as half-hourly block averages, while those obtained from the KNMI station are hourly average data. Only complete datasets (that is, when all stations are operating simultaneously and produce reliable results) were analysed. Small data gaps of up to 2 h were filled by linear interpolation. Since the observations of the roof stations might not follow the concept of the urban canyon layer completely, they have been analysed separately.
The UHI data were corrected for the passage of weather fronts which may create a short-term high UHI response ('spike').
Climate maps for summer T min and T max show a temperature gradient (from the coastline moving inland) around Rotterdam of Table 1 about À0.014 K km À1 and 0.030 K km À1 respectively [27] . This gradient may influence our UHI statistics because the distance towards the coastline ranges from 18 to 32 km. The UHI signal was not corrected for this since it is unknown what the climate background gradient looks like in urban areas.
Calculation of the physiological equivalent temperature (PET)
The impact on human thermal comfort has been determined for the summer months June, July and August (JJA).
Hourly-average PET values were calculated with the RayMan model (version 1.2) using the default settings [29] : that is, a typical healthy male aged 35 years, weighing 75 kg, with a length of 1.75 m, standing outside, wearing moderate clothing (0.14 K m 2 W À1 ) and doing light work (80 W). The measured globe temperature was used as an approximation of the mean radiant temperature (T mrt ) [30] that subsequently is an input parameter in the RayMan model. Thorsson et al. [30] report an uncertainty in T mrt of less than ±3.5 C with this method. From our results we can roughly estimate that this uncertainty gives an uncertainty in PET of less than ±1 C. The blackness of the black globe may degrade in time. To check this we calculated for each AWS the monthly-mean difference between globe and air temperatures at a global radiation of >400 W m À2 and wind velocity <1.5 m s
À1
. The decline in monthly-mean difference was then determined using the first monitoring month as a reference. Averaged over all stations, we found a change of þ1% (±4%) after one year, and a change of þ2% (±8%) in the second year.
The calculated PET values were subsequently related to thermal perception and grade of physiological stress according to the classification of Matzarakis et al. [31] .
The calculated PET values may be regarded as spatially averaged values for an urban area in our study. Owing to various microclimate effects, such as shadowing by trees and thermal radiation from buildings or changed wind patterns by buildings or other obstacles, there may be large daytime differences in PET at the very local scale, down to the spatial scale of individual buildings and trees [31] .
A complicating factor in the analysis is the difference in monitoring height between the roof and ground locations. This is particularly true for the calculation of PET. For instance, we calculated that the wind velocities monitored by the roof stations are 20e30% higher than those at 2 m height at these locations (results not shown here). So, the PET values calculated from the monitoring results of the roof stations are underestimations of the actual PET at ground level at these locations. However, the error made appears to be relatively small; À4 to þ6% of the number of 'discomfort hours' (PET > 23 C). Also the measured globe temperatures by the roof stations may differ from those at 2 m height because of differences in radiation effects. Since globe temperatures have been used to estimate PET [30] , this may be an additional error in the calculation of PET at the roof locations. Despite these uncertainties, we find that the overall results for PET of the roof stations are consistent with those of the ground stations indicating that the errors made are probably small. Therefore, and given the complexity of transforming data from roof level to 2 m height level, we decided to present the results of the roof and ground stations separately, without applying any corrections.
Site characteristics 2.4.1. Surface cover fractions
For interpretation of the observations, in particular to correlate UHI intensity and PET to urban spatial parameters, it is important to know the footprint area or source area of a sensor. However, the conventional analytical footprint models have been developed for homogeneous and flat terrains [32] . Therefore, they are in principle unsuitable for application in the complex topography and heterogeneous terrain of urban areas. A more appropriate way to determine the footprints is probably by using advanced airflow models (see also [33] ) but such models are still under development. The area of influence can also be found by an iterative procedure in which the footprint area is gradually increased to find the optimal correlation between land use and UHI [20, 21, 23] . In this study, we applied the latter method and assessed the surface cover fractions of the building, impervious, green and open water surface for circular buffer areas with a radius of 125, 250, 500, 750 and 1000 m, respectively, around the monitoring sites. The fraction of impervious surface represents the built environment, incorporating roads, parking lots, paved areas, buildings and roof tops. This type of surfaces typically has low albedo values and does not evaporate water unless some water is stored on them. The surface cover fractions were assessed with ArcGis10.1 using the topographical map 'Top10 2012' [34] . In addition, we used the most recent version of the land use database of the Netherlands (LGN6). The LGN database is raster database with 25*25 m resolution, it is covering the entire Dutch territory including urban areas, and presents the land use in 39 classes. From 1986 onwards the database is frequently updated with a 3e5 years interval (Centre Geoinformation, Wageningen-UR). It is based on a combination of geo-data and satellite images [35] .
Geometric characteristics
The geometric characteristics were determined for circular buffers with a radius of 250 m around each monitoring site. Both strong and no significant relationships are found at this radius (see Section 3.3). Since further analysis would not result into better results, we did not determine the influence of other circular buffers. Urban geometry was specified with the sky view factor (SVF), which quantifies the visible sky at a certain location. It is a dimensionless parameter that ranges from zero (no sky visible) to unity (no horizon obstructions visible). The advantage over other geometric measures like the height to width ratio H/ W is that it is easier to assess a spatial average value for a complex environment [36] . The Sky View Factor (SVF) has been computed for each site from a 0. The average height of all buildings and other obstacles like trees is known as the height of roughness elements. It was calculated by subtracting DEM data for surface level from DEM data including buildings, trees and other obstacles.
The average albedo value for each location was derived from cloud free Landsat images (resolution 30 by 30 m), which were acquired during the summer months June, July and August 2007 [39] .
Results and discussion
Variation in local climate
An overview of the average meteorological conditions at the monitoring locations is given in Fig. 2 . The average values have been calculated for the period July 2010eAugust 2012. All stations were simultaneously operational during more than 90% of the total number of hours in this period with the exception of AWS 'East' for which the gap fraction was 23%, and the AWS 'Capelle' that became operational in 2011. These rather complete sets of observations enabled reliable comparisons to be made. Note that, because of the data selection, the calculated values for the KNMI station may deviate from official statistics.
All urban locations show higher air temperatures as compared to the rural reference site or the KNMI station (Fig. 2(a and b) ). The differences are larger for the minimum temperatures (0.5 Ke2.6 K) than for the maximum temperatures (À0.1 Ke1.3 K). This is not only true for the differences between urban stations and the rural reference site, but also for the mutual differences between the stations. During a large part of the year, UHI max values in the built areas can be substantial (Fig. 3) . High values are usually observed on clear (cloudless) days, with an easterly wind and low wind speed (<2 m s À1 ) (that is, anticyclone flow). Only in winter time the UHI intensities are generally lower. However, even in this period UHI max can reach 5 K or more. This appears to be mainly a short term effect (<1 day), often occurring when the wind direction changes to East or South-East and there is advection of cold air. While a fast cooling at the rural reference site occurs under these conditions, temperatures in the urban environment remain more or less constant. In late spring and summer the highest UHI max values are found, with 95 percentile values varying from 4.3 K to more than 8 K depending on the location. In this period, the UHI intensity reaches its maximum already during the twilight hours (20:00e21:00 LT), remains at a constant maximum during a large part of the evening, and declines rapidly just before sunrise (5:00 LT). In addition, we find substantial differences in UHI intensity within the agglomeration indicating that local urban characteristics have a strong influence on the UHI intensity. The mutual differences are larger in autumn and winter as compared to those of spring and summer (Fig. 4) . Moreover, there is a seasonality influence on the ranking in magnitude of the UHI max between the monitoring stations. In all seasons, however, the harbour location 'Rijnhaven', and the city locations 'Centre' and 'South' and the business area location 'Spaansepolder' show the highest UHI max values.
With the exception of the roof station Bernisse, the urban stations show lower values (~16%) for the daily average global radiation as compared to the rural reference station (Fig. 2(c and  d) ). This can be attributed to shadowing effects of nearby buildings, trees or other obstacles. For instance, the sensor of 'Bolnes' is during the middle of the day in the shade of trees, which explains the low value found for this station. But lower values are also found for the roof stations 'Spaansepolder', 'Lansingerland', 'Ommoord' and the KNMI station of which the sensors are hardly influenced by nearby obstacles, suggesting that also a more polluted urban atmosphere causes the lower global radiation. However, on the other hand, the lower values measured by the urban stations may also be due to contamination of the sensors by the polluted urban air. Both roof and ground stations measure significantly lower wind speeds (44% and 65%, respectively) as compared to the reference rural site (Fig. 2(e and f) ). The main wind directions at the reference station are from South-West to West (>33% of the total number of hours) which is also observed for most urban stations. Exceptions are the stations 'Bolnes' and 'South'. The former shows main wind directions between South and South-South-West, whereas no clear main wind direction is found for the urban station 'South' that is surrounded by high buildings on all sides (see also Supplementary  Figure) .
Minimum relative humidity at the urban locations is 9e15% lower (results not shown here) than in the rural reference area. This is largely due to the higher air temperatures since the daily average water vapour pressure in urban areas is only slightly lower (<2.3%) than in the rural area (Fig. 2(g and h) ). The water vapour pressure in the rural site shows a diurnal variation, with higher values during daytime, whereas that in the urban area remains more or less constant. Similar results have been obtained by Kuttler et al. [40] for the city of Krefeld (Germany). The higher values in the rural area during daytime can be attributed to transpiration by the vegetation in the rural area.
Variation in local outdoor human thermal comfort
In the Netherlands, the highest air temperatures and global radiation are usually measured in July. Fig. 5 shows the frequency distributions for the different comfort classes for July 2010 at the 13 urban locations and at the rural reference location. The frequencies are expressed against the total number of daytime (6:00e22:00) and night-time hours respectively. All urban locations show a larger number of hours that can be classified as 'discomfort hours' (PET > 23 C) as compared to the rural reference location. The average number of discomfort hours at the urban locations during this month was~157 h and~93 h for the rural reference location (i.e.~21.2% and~12.5% respectively of the total number of hours). Exceeding of the PET 23 C threshold value practically always occurred during the day. In 2011 and 2012, air temperatures in July were lower than the values averaged over 1981e2010 [27] ). Although the average number of hours with PET>23 C at the urban locations are less than in 2010 (32 h in 2011 and 77 h in 2012), relative differences between the locations are comparable to that of 2010.
In addition, Fig. 5 shows a substantial intra-urban variability in outdoor thermal comfort. This appears to be mainly related to the differences in wind velocity. We find a strong relationship between the frequencies of PET > 23 C at the different locations and the average wind velocities in July 2010 (Fig. 6 ), explaining about 85% of the intra-urban variability. Comparable results have been obtained for the summer data of 2011 and 2012.
After sunset the UHI is more pronounced and consequently, night-time thermal comfort is likely to be more determined by this phenomenon. In order to get an impression how strong this dependency is, we determined the relationship between night-time thermal comfort and UHI intensity at the locations. This was not well possible for the 'discomfort hours' frequencies because exceeding of the PET 23 C threshold value occasionally occurred during night-time in July 2010. The same is true for the cool summers of 2011 and 2012. Occurrence of a 'comfortable urban climate' (18 C < PET < 23 C) at the urban locations was more common. Therefore, in Fig. 7 , the frequencies of 'comfortable hours' have been plotted against the median UHI max values in July 2010. A moderate to strong linear relationship is found explaining 60e70% of the intra-urban variability in number of occurrences of 'comfortable hours'. 'Outliers' are the locations 'Bernisse', 'Spaansepolder' and 'Rijnhaven' which are less comfortable than can be expected on basis of their UHI max values. Also this may be related to the relatively high wind velocities at these locations.
Relation with local urban characteristics
The variety of urban environments represented by the 15 monitoring locations is illustrated by Fig. 8 . It depicts the distribution of the land use classes within a buffer area with a radius of 250 m around each monitoring station.
We related the median and 95 percentile UHI max values to land use descriptors and geometric variables by linear regression. Predictors for UHI max were derived from linear relations with the highest r 2 (with a minimum of 0.30), and with slope p-values < 0.05.
The results of the correlation statistics for the months June, July and August (JJA) are presented in Table 2 . For the building surface fraction, the optimal source area radius is 250 m for all stations. However, the roof stations show the highest r 2 values (and lowest p-values) for the linear relationships assessed for the 750 m radius, while for the ground stations the highest r 2 values are obtained for the 500 and 250 m radii. With one exception, similar optimal source area radii have been assessed for the impervious surface fraction. For the green surface fraction, the best relationships are found for the 250 m radius (roof stations) and 500 m radius (ground stations and ground plus roof stations). Fig. 9 shows the obtained relationships between the median and 95 percentile UHI max values for JJA (2010e2012) and the land surface fractions as well as the SVF and mean building height. The regression coefficients of all assessed relationships are given in Table 3 (see Supplementary Material for the other seasons).
The building surface fraction appears to be a moderate to strong predictor of UHI max explaining about 50e90% of the intra-urban variability. Our results for all stations (Roof þ Ground in Table 3) show that an increase in the building surface fraction of 0.1 (10%) will lead to an increase in the median and 95 percentile UHI max values of 0.36 K and 0.63 K, respectively. The influence of the impervious surface fraction is less. When the fraction increases with 0.1, the median and 95 percentile UHI max values increase with 0.22 K and 0.44 K, respectively. Similar regression coefficients are obtained for the relationships assessed for the median and 95 percentile UHI max values in spring and autumn (2011,2012) (see Supplementary Material).
The dependency of UHI max on the green surface fraction was only determined for the summer when the vegetation is active. We find that the green surface fraction is also a moderate to strong predictor of UHI max , explaining 50e60% of the intra-urban variability. The median and 95 percentile UHI max values decline with 0.33 K and 0.62 K, respectively, when the green surface fraction increases by 0.1. Overall our results do not show significant relationships between UHI max and the open water surface fraction.
Also strong correlations (r 2 ¼ 0.69e0.80 for all stations) for the influence of the average building height are found. When the average building height increases by 1 m, the median and 95-percentile values UHI max values increase with 0.08 and 0.19 K respectively. In contrast, we find no significant relationships for SVF at a confidence level of 0.05. With one exception, the same is true for the surface albedo. We also assessed the influence of urban characteristics on the number of occurrences of thermal discomfort (PET > 23 C) for the summers of 2010e2012. As expected, because of the dominant influence of wind velocity on PET during the day, no significant relationships are found. Like discussed before, PET after sunset is determined more by the UHI (see Fig. 9 ). Hence, PET during nighttime is also significantly related to the urban features that show a significant relationship with UHI max . This has indeed been found (results not shown here).
Discussion
Despite the presence of the North Sea and other large water bodies, UHI intensities at the different locations within the Rotterdam agglomeration can be substantial, under favourable meteorological conditions (i.e. under calm and clear weather conditions). Our results show that this is true for a large part of the year; only in winter, UHI-intensities are generally lower. The highest maximum UHI values are found in late spring and summer, with 95 percentile values ranging from 4.3 K to more than 8 K, depending on the location. These values are consistent with earlier observations in Rotterdam [22, 23] , and of the same order of magnitude as those reported for other European cities [41] . In addition, we find a substantial intra-urban variability in UHI intensity, indicating that local characteristics of the built environment have an important influence. It is interesting that also a UHI effect is found for the KNMI station at the airport. This can be explained by the plume effect of the built environment (see also Ref. [23] ).
The present study provides quantitative information on the effects of land use and geometric features that support a more effective adaptation planning. We find a positive linear relationships between UHI max and the building and impervious surface fraction and a negative linear relationship for the green surface fraction. These results are in accordance with those found in previous studies [11, 15] . We find that most source area radii or foot print areas of these land cover fractions ranges between 250 and 500 m. These source area radii are of the same order of magnitude as found in other studies for air temperature measurements in cities with an urban morphology comparable to the one of Rotterdam [20, 21, 42] , that is, mainly compact midrise buildings according to the UCZ classification of Stewart and Oke [28] . The source area radius may be much smaller for intensely developed urban areas. For instance, source area radii of 50 and 15e17 m have been reported for London and Hong Kong respectively [19, 43] . Of the above land cover parameters, the building surface fraction appears to be strongest predictor of the intra-urban variability in UHI max . Median and 95 percentile values of UHI max in summer increase on average with 0.36 and 0.63 K respectively, when the fraction increases by 0.1. This is consistent with the efficient solar radiation absorption by the built-up area due to multiple reflection, and the large heat storage by buildings during the day: the stored heat is released again during night-time. Moreover, the released heat may be trapped between the buildings due to lack of ventilation [17] .
In relatively 'green' urban areas, less overall heating of the urban area during the day occurs [44e46] . A part of the captured solar energy by the surface is used for evapotranspiration by the vegetation resulting into less warming of urban air and materials. Furthermore, less heating occurs due to shadowing effects of trees. So, green urban areas show less overall heat storage during the day and consequently a larger cooling down after sunset which explains the moderating influence of vegetation on nocturnal UHI [15] .
The assessed regression coefficients for green surface fraction are comparable to those obtained with mobile traverse measurements in Rotterdam and data analysis of stations Centre, East, South, Rijnhaven and Airport over the same period [23] , and to those reported for other cities and villages in the Netherlands [5] . Hence, the regression coefficient for the influence of the green surface fraction in an urban area appears to be a robust predictor of the intra-urban variability of UHI max , at least for cities in the Netherlands.
An explorative model simulation study of Gill et al. [46] indicate that adding green in high-density residential areas and town centres offers a significant potential in moderating the increase in summer temperatures expected with climate change. The results of our study provide additional quantitative evidence for this.
The absence of a clear relationship between UHI max and SVF seems to contradict the strong relationship (r 2 ¼ 0.88) reported by
Oke [17] . This relationship is, however, based on results obtained for urban areas belonging to the same UCZ, e.g. intensely developed, high density areas. Results of Svenson [47] demonstrate that in this case the strongest relationships between nocturnal air temperatures and SVF are obtained. More recent reported results are less clear with respect to this relationship. Both strong, weak, and no significant relationships between SVF and UHI have been reported, even for the same urban areas (see Ref. [48] for review). According to Blankenstein and Kuttler [36] intra-urban variability in UHI cannot be predicted well with SVF alone, because it does not take spatially variable thermal properties of materials into account. Moreover, measured air temperature values can be affected by advection effects from the wider surroundings of a particular location.
The above landscape parameters appeared to have, however, a limited impact on the intra-urban variability in outdoor thermal comfort. During daytime the intra-urban variability is mainly determined by the differences in wind velocity between the locations. Differences in air humidity and global radiation in urban areas are relatively small and have no notable influence on the magnitude of PET. After sunset the UHI effect phenomenon is more pronounced and consequently, we find that outdoor thermal comfort is more related to the UHI effect and urban land scape parameters affecting this phenomenon.
Our results also indicate that a high UHI intensity at a location not always coincides with a large thermal discomfort. This is clearly demonstrated by the results of the harbour location 'Rijnhaven'. This location shows the highest UHI max values. Owing to relatively high wind velocities, this location shows relatively low frequencies of 'discomfort hours' during the day on warm summer days. Moreover, frequencies of 'comfortable hours' during night-time are less than expected on basis of the UHI max values.
The results of the harbour station 'Rijnhaven' also illustrate the complexity of the effect of open surface water on local climate in urban areas. The highest UHI max values are found for all seasons suggesting that throughout the year, the river Maas has a nighttime warming effect on the neighbouring urban area. However, in contrast, daytime air temperatures at this location are similar or sometimes even lower than those at the rural reference location. Consequently, the large water body may provide daytime cooling at this location on hot days in spring and summer. Moreover, it provides a free wind path (ventilation zone) and, as previously discussed, the higher wind speeds at this location directly reduce the PET. Results of Heusinkveld et al. [23] show that the daytime cooling effect diminishes during summer when the river water is warming up. This has also been observed by Hathway and Sharples [49] for a river in Sheffield, UK. Furthermore, their results demonstrate that the urban form on the river bank influences the levels of cooling felt away from the river bank. Thus, the ultimate effect of open surface water on local climate and thermal comfort strongly depends on season, time of the day, sizing (surface, depth) and the location with respect to upwind direction, and buildings and other structures in the surrounding area [50] .
It can be concluded that one has to be cautious in applying the UHI effect as an indicator of outdoor thermal comfort. This would imply that heat island reduction programs may have a limited impact, and that also other summer cooling measures such as promoting natural ventilation in urban areas, have to be considered in order to improve outdoor human thermal comfort during hot summer days.
Conclusions
Our results show that during a large part of the year nocturnal UHI intensities in the densely built areas in the Rotterdam agglomeration can be considerable, in particular under calm and clear (cloudless) weather conditions. The highest maximum UHI values are found in late spring and summer, with 95 percentile values ranging from 4.3 K to more than 8 K, depending on the characteristics of the surrounding area of the monitoring station.
The present study provides quantitative information on the effects of land use and geometric features that support a more effective adaptation planning. Of all the urban features studied, we find that the intra-urban variability in UHI max is significantly related to the building, impervious and green surface fractions, respectively, as well as to the mean building height. In particular, the building surface fraction appears to be a strong predictor for UHI max , explaining 50e90% of intra-urban variability. Median and 95 percentile values of UHI max in summer increase on average with 0.36 and 0.63 K respectively, when the fraction increases by 0.1. Similar results have been found for spring and autumn. The relationships obtained for the influence of the green surface fraction are consistent to those assessed in an earlier study for Rotterdam and for those assessed for other Dutch cities. Therefore, the green surface fraction in an urban area can be considered as a robust predictor of UHI max , at least for cities in the Netherlands.
The above landscape parameters appeared to have, however, a limited impact on the intra-urban variability in outdoor thermal comfort. During daytime the intra-urban variability is mainly determined by the differences in wind velocity between the locations. Differences in air humidity and global radiation in urban areas are relatively small and have no notable influence on the magnitude of PET. After sunset the UHI effect phenomenon is more pronounced and consequently, we find that thermal comfort is more related to the UHI effect and urban land scape parameters affecting this phenomenon. Furthermore, our results indicate that UHI intensity at a location is not always a reliable indicator of outdoor thermal comfort.
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